Objective: Blocking the renin-angiotensin system (RAS) may reduce the risk of developing type-2 diabetes, but data are inconclusive and the mechanisms involved are unclear. RAS and RAS inhibition also influence the IGF-I system, which is important in glucose homeostasis. We investigated the effects of the angiotensin-receptor antagonist, losartan, on insulin resistance and IGF
Introduction
Type-2 diabetes mellitus is a major health burden, associated with excess morbidity and mortality (1) . The prevalence of type-2 diabetes mellitus is increasing rapidly and interventions to prevent or delay its onset are becoming more important. Preventative measures should address insulin resistance, as this is the major identifiable defect in subjects at risk of type-2 diabetes.
Recent publications suggest that blocking the reninangiotensin system (RAS) may reduce the risk of developing type-2 diabetes (2). Development of diabetes in these trials was considered as secondary endpoint or post hoc analysis and large-scale prospective placebocontrolled clinical trials are necessary, designed to assess the protective benefits of RAS inhibition in subjects at risk of developing type-2 diabetes. The mechanisms involved in the effects of RAS inhibition on glucose metabolism and insulin sensitivity are still unclear (3).
Insulin-like growth factor (IGF)-I is important in glucose homeostasis and might play a protective role in the development of glucose intolerance (4) . Interactions between RAS and the IGF-I system are complex and not fully clarified. It has previously been hypothesized that production of IGF-I is reduced by angiotensin-II, which is reversed by losartan (5). RAS inhibition seems to have metabolic and growth-promoting effects, which could be mediated by increased IGF-I levels (6) .
We performed a proof of principle study in subjects with impaired fasting glucose to investigate the effects of short-term administration of the angiotensin-receptor antagonist, losartan, on insulin resistance, assessed using the homeostasis model assessment of insulin resistance (HOMA), as well as the 2-h continuous infusion of glucose with model assessment (CIGMA). Furthermore, serum levels of total and free IGF-I, IGFbinding protein-3 (IGFBP-3), HbAlc, as well as lipids were measured to investigate the effect of losartan on these parameters. Finally, possible correlations between changes in insulin resistance and the IGF-I system were studied.
Subjects and methods

Patients
Five subjects (one man and four women; mean age 53.4G1.3 years) participated in the study. They had neither relevant medical history or medication. The individuals had impaired fasting glucose by the present World Health Organization criteria (mean fasting glucose levels 6.5G0.1 mmol/l, mean HbAlC 6.6G 0.3%) (7). They were normotensive (mean systolic blood pressure 137.2G4.6 mmHg, mean diastolic pressure 84.6G1.9 mmHg) and obese (mean body mass index 30.6G2.1 kg/m 2 ). The study was performed according to the guidelines of good clinical practice and was approved by the institutional review board. All persons gave written informed consent prior to participation.
Methods
Insulin resistance was assessed using HOMA and 2-h CIGMA. Previous studies showed that the insulin resistance score, based on these methods, strongly correlates with insulin resistance assessed by the glucose clamp technique in both diabetic and nondiabetic subjects. Furthermore, the 2-h CIGMA can be considered as a test of glucose tolerance, analogous to the oral glucose tolerance test (8) .
HOMA uses mathematical modelling of fasting plasma glucose and insulin levels to estimate insulin resistance: fasting serum insulin (mU/ml)!fasting plasma glucose (mmol/l)/22.5 (8) . Three baseline samples, taken at 5-min intervals, were averaged for the mean levels of glucose and insulin. High HOMA scores denote low insulin sensitivity. The 2-h CIGMA consists of a 180 mg min/m 2 glucose infusion for 120 min. Three blood samples were taken afterwards, at 120, 125 and 130 min, for the measurement of glucose and insulin levels. Again, the means of these three samples were used to estimate the insulin resistance score, using the above-mentioned formula.
During the 8-week study period, the subjects received 100 mg losartan orally, once daily. They were instructed not to change their diet or exercise pattern during this period. Blood pressure and body weight were measured at weeks 0 and 8.
Just before the start of treatment, we performed HOMA and 2-h CIGMA. Furthermore, venous blood samples were taken for the measurement of free and total IGF-I, IGFBP-3, lipids and HbAlc. Serum levels of total and free IGF-I were measured using direct IRMA (Diagnostic System Laboratories, Inc., Webster, TX, USA) (9, 10). All the samples were measured at once. After 8 weeks of losartan treatment, insulin sensitivity was measured again, as well as serum levels of total and free IGF-I, IGFBP-3, lipids and HbAlc.
Statistical analysis
Results are presented as meansGS.E.M., unless otherwise noted. The paired Student's t-test was used for comparisons before and after losartan treatment. Associations between the variables were quantified using the Pearson correlation coefficient; the results are given including P value. We used GraphPad Prism software, version 3.00 (GraphPad Software, Inc., San Diego, CA, USA), for all statistical analyses.
Results
After 8 weeks of treatment with 100 mg losartan, the HOMA score for insulin resistance decreased from 5.3G 1.1 to 3.7G0.9 (PZ0.004) and the 2-h CIGMA score decreased from 23.4G3.1 to 15.9G2.1 (PZ0.07). Serum levels of free IGF-I increased from 57G18.8 to 134G31.3 pmol/l (PZ0.04; Table 1 ). Normal values of free IGF-I at this age vary between 87.1-660.4 pmol/l for men and 76.7-770.9 pmol/l for women (11) . The difference, in terms of percentage, in the decrease of HOMA correlated with the difference in the increase in free IGF-I levels (Pearson's correlation coefficient rZK0.8; PZ0.07; Fig. 1) . A trend in the same direction was observed in the correlation between the difference in the decrease of CIGMA and the difference in the increase in free IGF-I levels (rZK0.8; PZ0.1). No differences were observed in lipid levels, total IGF-I, IGFBP-3 or HbAlc. Systolic blood pressure reduced from 137.2G4.6 to 127.0G5.3 mmHg (n.s.) after 8 weeks of losartan treatment, and diastolic blood pressure from 84.6G1.9 to 82.6G2.2 mmHg (n.s.). Body weight did not differ significantly. In these normotensive subjects, 100 mg losartan was well tolerated; no side effects were reported.
Discussion
In this proof of principle study, we investigated the effects of short-term administration of the angiotensinreceptor antagonist, losartan, on insulin resistance and variables of the IGF-I system in individuals with impaired fasting glucose. Insulin resistance was reduced after the 8-week treatment period. At baseline, plasma levels of free IGF-I were reduced compared to healthy subjects and normalized during the treatment period. This increase might contribute to the improvement in insulin sensitivity, as suggested by close to significant correlation between the decrease in insulin resistance scores and the increase in serum levels of free IGF-I.
Previous studies showed that the incidence of newonset diabetes was lowered by inhibitors of the RAS, suggesting active positive effects of these drugs on longterm glucose metabolism. As stated in Introduction, prospective studies are required to confirm these observations as well as to elucidate the underlying mechanisms. We observed a significant reduction of the insulin resistance score, measured using HOMA; when measured using 2-h CIGMA, the reduction of the insulin resistance score just failed to reach significance. After this short-term treatment period, no differences in mean HbAlc levels were noticed. Since insulin resistance is one of the main predictors for the development of type-2 diabetes mellitus, improvement of insulin sensitivity might be the underlying mechanism in delaying or preventing this disease.
The IGF-I system plays an important contributory role in the regulation of glucose metabolism. IGF-I, like insulin, increases peripheral glucose uptake and decreases hepatic glucose production. Free IGF-I is the unbound, biologically active form. Serum levels of free IGF-I are often reduced in diabetic patients, which associate with increased insulin resistance and reduced metabolic control. Furthermore, increasing circulating IGF-I levels by means of recombinant human IGF-I is associated with improvement of insulin sensitivity and reduced insulin requirements in both type-1 and type-2 diabetes (4, 12) . The association observed between the decrease in insulin resistance and the increase in free IGF-I is in accordance with these data.
The RAS interacts with the IGF-I system in several ways. These interactions are complex and not completely clarified. A previous study in rats showed that circulating levels of IGF-I are reduced by angiotensin-II infusion through reduction of the hepatic IGF-I mRNA levels, which is reversed by losartan (13) . Only few clinical trials have been performed investigating the effects of RAS inhibition on the IGF-I system in humans (5, 6) . A previous study showed metabolic and growth-promoting effects of an ACE inhibitor that might result from an increased IGF-I concentration (6) .
An important limitation of our study is the short followup period. Although insulin resistance was significantly reduced, we cannot ascertain from these results whether the onset of new-diabetes will be prevented or delayed. Obviously, the significance of our observations should be viewed with the limitations germane to the small sample size. The results are promising in these subjects, but are preliminary and need to be confirmed in a large-scale and long-term study. Furthermore, the limited number of patients restricts our analysis to a univariate one.
In conclusion, short-term treatment with losartan raises the serum levels of free IGF-I, which might contribute to the improvement of insulin resistance associated with losartan treatment. The results of this hypothesis-generating study form a basis for further studies that improve our understanding of the pathogenesis of type-2 diabetes mellitus, which might ultimately result in new preventive interventions.
